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ABSTRACT
Studies are presently underway to determine the technical and economic feasibility of various Arctic marine 
transportation systems, including ice-breaker super-tankers and submarine tankers. An important consideration in these 
studies is the design and construction of marine terminal facilities which will be suited to the unique problems o f the 
Arctic. Factors which will significantly affect the design of proposed marine terminals include:
1) bathymetric configuration o f the continental shelf;
2) influence of moving pack ice on artificial structures, both at the air-water interface and along the bottom;
3) lateral and vertical variations in soil conditions, including residual permafrost, which might adversely affect 
stability of offshore pipelines or structures; and
4) instability of existing shoreline.
Several basic designs for marine terminals are considered with respect to environmental and engineering problems 
including:
1) nearshore harbor sheltered by a breakwater;
2) offshore artificial islands;
3) underwater terminals; and
4) cone-shaped offshore platforms, either pile supported or gravity-type structures.
INTRODUCTION
Recent discoveries of petroleum reserves at 
Prudhoe Bay in Alaska and Atkinson Point, 
N.W.T., Canada have initiated a number of studies 
regarding feasible methods of transporting the 
Arctic oil and gas to the major markets in southern 
Canada and the United States. Various pipeline 
routes have been considered through Alaska and 
Canada, but for technical, economic and political 
reasons construction has thus far been delayed.
For several years, industry has been consider­
ing the feasibility of utilizing ice-breaker super­
tankers which would travel from the Arctic 
through the Northwest Passage to refineries and 
markets in the east. More recently a concept 
involving the use of submarine tankers which 
would be capable of crossing the North Pole to 
European markets as well as negotiating the 
Northwest Passage has been proposed (Figure 1).
As part of the feasibility study for transport­
ing petroleum by tanker, consideration is being 
given to the location, design, construction and 
maintenance of petroleum storage facilities and 
marine terminals in the Arctic. Numerous environ­
mental and engineering factors will have to be 
considered before the technical and economic 
feasibility of the project can be determined.
Because of the need to provide petroleum 
transportation systems which will virtually eli­
minate potential oil spills, the design for any 
proposed marine terminal will undergo extensive 
scrutiny by the various governmental agencies 
before approval. Preliminary data regarding ice 
movement and soil conditions are presently being 
collected for design purposes; however, additional 
studies will be required before all the engineering 
problems can be resolved.
ARCTIC CONTINENTAL SHELF
The broad, shallow shelf along the Alaskan 
Arctic coastline presents considerable design prob­
lems for the construction o f a marine terminal 
which would accommodate deep draft tankers. As 
shown on the bathymetric map of the Beaufort 
Sea (Figure 2), water depths of 80 to 100 feet 
required for deep draft supertankers are no closer 
than 25 miles from shore in most places along the 
Alaskan Arctic coast. Long, narrow, barrier islands 
present along some areas o f the coastline help 
bridge this gap somewhat but considerable dis­
tance still remains between tanker and shoreline. 
The only viable alternatives to the bathymetric 
problem appear to be either: (1) bring the tankers
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Figure 2. B a th y m etric  M ap o f the  B eau fo rt Sea (C o n to u rs  in F a th o m s)
closer to  shore by  dredging a channel o r (2) 
co n stru c t a deep w a te r m arine term ina l w hich  
w ould  be connected  to  onsho re  sto rage  facilities 
by  subm arine  p ipeline.
The engineering and econom ic  considerations 
fo r e ith e r a lte rnative  are staggering. F o r  exam ple, 
to  dredge a p ro te c te d  h a rb o r and a channel 
n o rth w ard  from  P ru d h o e  Bay o u t  to  80 fee t of 
w ater w ould  requ ire  dredging b e tw e en  500 and 
700  m illion cubic ya rd s  o f  m ateria l. A reas closer 
to  deep w a te r such  as Cross Island  and Brow nlow  
P o in t w ou ld  still requ ire  50-200  m illion cubic 
yards o f dredging. In  a d d itio n , th e  channel w ould  
have to  be m ain ta ined  period ica lly  to  preven t 
sed im en ta tio n  fro m  b lock ing  passage o f  the  deep 
d ra ft tankers. M uch o f th e  dredging  w ould  have to  
be accom plished  o u t in the  m oving ice pack . A 
p o rtio n  o f  the  area dredged  is likely to  co n ta in  
rem n an ts  o f perm afro st w hich  w ould  be d ifficu lt
to  dig w ith  co n v en tio n a l c u tte r  heads. A system  o f  
b reakw aters  o r subm erged barriers  w ould  have to  
be p rov ided  to  p ro te c t th e  channel area  fro m  
blockage by  ice islands o r th ic k  p ressure  ridges. 
The o th e r  a lte rna tive , co n s tru c tin g  a deep  w ater 
m arine te rm in a l, requ ires th a t  an  artific ia l p la t­
form  b e  designed and  co n stru c ted  to  w ith stand  th e  
trem en d o u s fo rces genera ted  by  th e  polar ice pack.
ICE FORM ATION A N D  MOVEMENT
T he m ost fo rm idab le  p ro b lem  in  th e  design o f  
a deep w a te r m arine term ina l is th e  m ovem ent o f 
large m asses o f  sea ice w h ich  will im pinge o n  
su p p o rt s tru c tu re s . Sea ice fo rm s in  sheets general­
ly reach ing  a m ax im um  o f  6 to  10 fee t in  th ickness  
depend ing  o n  the  degree days o f  frost during  its 
fo rm a tio n  and  su b seq u en t yearly  bu ild -up .
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T he ice m ay be divided in to  th re e  zones: 
sho re-fast ice, pack ice and  a tra n s itio n  zone 
b e tw e en  the tw o . Shore-fast ice no rm ally  e x te n d s  
fro m  th e  shoreline o u t  to  th e  island  chain  and , 
u n d e r  certain  wind an d  ice co n d itio n s , som e 
d istan ce  beyond  the  islands. T he  te rm  “ sho re-fas t” 
is som ew hat a m isn o m er in th a t  the  ice sheet is n o t 
alw ays a con tinuous m ass c o n n ec ted  to  th e  sho re ­
line . M inor la tera l m ovem en t has b een  n o te d  on 
occasion  in areas w h ich  o therw ise  ap p ear to  be 
sho re-fast.
B eyond th e  re la tive ly  stab le  sho re-fast ice is 
pack  ice , a m obile m ass o f irregu larly  b ro k e n  ice 
sheets , pressure ridges and occasional ice islands 
w h ich  m ove p rim arily  in  an east-w est d ire c tio n  in 
response  to  w ind stresses (F igure  3 ). Pack ice has 
been  k now n  to  travel several m iles du ring  a day  
a lth o u g h  there  are tim es  w hen  l it tle  m ovem en t 
takes  p lace at an y  given loca tion .
T he transitional zone varies in  w id th  and 
ch a rac te r. At tim es i t  is m arked  b y  leads w hich  
sep ara te  stable ice f ro m  the  m obile ice floes. A t 
o th e r  tim es th e  zone is ch a rac te rized  b y  p ressure  
ridges and irregular b locks of ice w h ich  are 
p a rtia lly  m obile.
A ssum ing th a t a deep  w ater m arine  te rm in a l 
w ould  b e  construc ted  in  w ater d e p th s  o f 80  to  100 
fee t to  accom m odate  deep  d ra ft tan k e rs , the  
te rm in a l supporting  s tru c tu re  w ould  be su b jec ted  
to  trem en d o u s h o riz o n ta l forces ex e rted  b y  the  
pack  ice. A ccording t o  G erw ick  and  L lo y d  (1 9 7 0 ), 
“ a relatively  long w all w ith  a b /h  ra tio  (b  
is b re a d th  o f s tru c tu re , h  is ice sh ee t th ickness) o f 
15 o r m ore w ould  be su b jec ted  to  loads o f  45  k ips 
per square  fo o t.”  F o r  a slender vertica l w all o f  25 
fee t in  w id th  w ith  a b /h  ra tio  o f 4 , an  ice sh ee t 10 
fee t th ic k  w ould  im p o se  a load o f  95 k ip s per 
square  foo t. A ssum ing th e  vertica l s tru c tu re  to  be 
a cy linder ra th e r  th a n  a w all, th e  loads w ou ld  be  
m od ified  by th e  sh ap e  fa c to r  and  w ould  be, in 
each  case, a b o u t 10%  less. I f  a p ressure  ridge ra th e r  
th an  sheet ice w ere to  im pinge on th e  s tru c tu re  th e  
loads im posed  w ould  be  a p p ro x im ate ly  2 .2  tim es 
as great.
A n o th er p ro b lem  in a d d itio n  to  th e  loading  
fac to r is the effec t o f  ice p ile-up o n  the  s tru c tu re . 
“ In  general p ile-up w ill o ccu r if  th e  ra t io  b /h  is 
g rea ter th an  15. F o r ra tio s  o f  u n d e r  15 th e  ice will 
ten d  to  split and pass o n  e ith e r  side o f  the  
o b s tru c tio n . Thus, f o r  s tru c tu re s  w ith  a w id th  o f 
80  fe e t or m ore , p ile -up  can  o ccu r”  G erw ick  and  
L loyd (1970).
In  add ition  to  the  effec ts o f  ice a t the  
a ir-w ater in terface, p o te n tia l  hazard s ex is t due  to  
gouging of th e  o c e an  b o tto m  b y  g ro u n d ed  ice 
islands and pressure ridges. I t  is n o t  likely  th a t  th is 
w ould  effect the s tru c tu re  itse lf sign ifican tly ; 
how ever, any  u n d e rw a te r  p ipeline  lead ing  to  the
term ina l s tru c tu re  w ould  b e  sub jec ted  to  possib le 
ru p tu re  by  th e  ice unless it w ere a d e q u a te ly  
p ro tec ted .
FOUNDATION CONDITIONS
T h e  arc tic  p resen ts  'u n iq u e  p rob lem s w ith  
respect to  fo u n d a tio n  engineering  due p rim arily  to  
the p resence o f p e rm afro s t. In its  u n d is tu rb ed  
sta te  p e rm afro s t is re la tive ly  solid  and stab le . If, 
how ever, th e  th e rm al regim e is d is tu rb ed , p recau ­
tions m ust be tak e n  to  com pensa te  fo r  th aw  
conso lid a tio n  w hich  takes p lace as the  ice  in th e  
soil begins to  change phase.
O n  th e  N o rth  Slope o f  A laska the  p e rm afro s t 
is re la tive ly  th in  n ea r the  fo o th ills  of th e  B rooks 
Range and th ick en s rap id ly  n o rth w ard  to w a rd  th e  
coastline  reaching  a m ax im um  th ickness o f  slightly  
over 2 0 0 0  fee t. Due to  th e  w arm ing  e ffe c t o f th e  
A rctic  O cean, the  p e rm afro s t w edge p inches o u t 
rap id ly  n o r th  o f th e  coastline . T he  la te ra l e x te n t 
and d e p th  to  w hich  p e rm afro st occurs o ffsh o re  is 
u n k n o w n  due  to  th e  lack o f  ad eq u ate  subsu rface  
in fo rm a tio n . Perm afrost h as  b een  rep o rted  to  a 
d e p th  o f several h u n d red  fee t along th e  barrier 
islands. Iso la ted  pa tches o f  perm afro st b e y o n d  th e  
island chain  and  in certa in  o ffsh o re  areas along th e  
C anad ian  coastline  have b e e n  re p o rte d  b u t  it has 
been  assum ed th a t these rep re sen t areas o f re lic t 
p e rm afro st w hich  are g radually  being th aw ed  by  
by  c o n ta c t w ith  th e  sea w a te r and  are n o t very  
ex tensive. T h e  e x te n t to  w h ich  pe rm afro st is 
p resen t be tw een  th e  shore line  and  the  island cha in  
rem ains to  be resolved.
T here  has been  som e specu la tion  as to  w hy  
p erm afro st still exists in som e o ffsh o re  areas. 
T h eo re tica lly , the  heat exchange b e tw een  sea 
w ater a t tem p e ra tu re s  above 0° C and th e  fro zen  
g round  w ould  gradually  th aw  any pe rm afro st 
w h ich  m ight be p resen t. T his w ould  ce rta in ly  be 
the  case if  th e  shoreline w ere  to  rem ain  stab le  fo r 
su ffic ien t tim e  to  allow  a co m p le te  thaw ing 
process. H ow ever, th e  sh o re lin e  has n o t p roven  to  
be ve ry  stab le  due p rim arily  to  a process o f  erosion  
w h ich  has been  active a t least during  la te  P le isto ­
cene and H olocene tim e. M acK ay (1 9 6 3 )  has 
e s tim a ted  th a t  since the  p e rio d  o f  th e  last g lacia­
tio n , coasta l recession along  p o rtio n s  o f  th e  Y u k o n  
coastline  m ay have been  as m uch as 2 o r  3 
k ilom eters . He also  suggests th a t  in co asta l areas 
w ith  low  b lu ffs o f  fine g rained  sed im en ts w h ich  
have a h igh ice c o n te n t, sho re line  recession  m ay  
o ccu r a t a ra te  exceed ing  one m ete r p e r  year. As 
th e  b lu ffs  recede, th e  sea w a te r transgresses across 
th e  p e rm afro st depositing  a th in  layer o f  silt and  
clay  u p  to  5 fee t in th ick n ess  on  to p  o f  th e  
rem ain ing  frozen  .g ro u n d . The sed im en t provides 
an in su la ting  layer w hich  in h ib its  the  h ea t in te r ­
a c tio n  be tw een  th e  sea w a te r and th e  fro zen
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ground  resu lting  in pa tch es  o f  “ re lic t” p e rm afrso t 
o ffshore .
It has been  suggested th a t  in  som e instances 
frozen  g round  has ac tu a lly  been  fo rm ed  a fte r  
being subm erged  b e n e a th  th e  ocean . In th ese  cases, 
it is p resum ed  th a t  b rack ish  o r fresh  w ater 
m igrating  in th e  se d im en ta ry  m ateria l b e n e a th  th e  
ocean floo r is g radually  exposed  to  the  effec ts  o f 
overly ing  sea w ater a t  te m p e ra tu re s  sligh tly  below  
0^  C. T he fresh  w a te r th e n  freezes and becom es 
perm afro st, sim ilar in  m ost respec ts  to  p e rm afro s t 
co n d itio n s  onshore. I t  has been  p o stu la ted  th a t  
th is  m echan ism  was responsib le  fo r  the  fo rm a tio n  
o f th e  subm erged “ p ingo”  w h ich  the M an h a ttan  
en c o u n te re d  on  her voyage th ro u g h  the  N o rth w est 
Passage in  1969.
I t is n o t  likely th a t su b stan tia l p e rm afro s t 
w ould  be en c o u n te re d  at th e  site  o f  a deep  w ater 
te rm ina l due  to  its w a te r d e p th  and d istance  
o ffshore . How ever, a p o r tio n  o f th e  nearshore  area 
is like ly  to  con ta in  som e perm afro st w h ich  w ill 
have a bearing  on th e  design and c o n s tru c tio n  o f  
the  u n d e rw a te r  p ipeline lead ing  to  th e  term ina l.
T he  soil con d itio n s  a long  th e  A laskan A rctic  
coastline  are qu ite  variab le  in  th e ir  m ake-up b o th  
la tera lly  and  vertically . T his is due p rim arily  to  th e  
b raided  stream s channels w h ich  flow  n o rth w ard  to  
the  sea. T he channels, w h ich  are usually  filled  w ith  
sands and  gravels, c u t in to  the  su rro u n d in g  fin e r 
grained silts, sands, and clays, resu lting  in  rap id  
la tera l changes in soil c o n d itio n s . I t  is like ly  th a t  
th is c o n d itio n  ex ten d s b e n e a th  th e  ocean  b o tto m  
som e d istance  o ffsho re  as a resu lt o f  varia tions in 
sea level w hich  m ight have occurred  du ring  and  
su b seq u en t to  P leistocene tim e. In  o rder to  in su re  
th a t th e  fo u n d a tio n  o f  a m arine  te rm in a l fac ility  
will be adequate ly  designed to  w ith stand  th e  
h o rizo n ta l forces e x e rted  by  ice floes, soils d a ta  
will have to  be co llected  a t  the  te rm in a l site. T he  
techn ica l feasib ility  o f  d rilling  soil borings fro m  a 
m obile ice sheet in  100 fee t o f  w ater does n o t, 
how ever, a t the  p resen t tim e  lo o k  very p rom ising .
PROPOSED OFFSHORE TERMINALS
A n u m b er o f possib le  designs fo r m arine 
term ina l facilities have b een  suggested w h ich  m ight 
be su itab le  fo r deep  w ater tankers , fo u r o f  w h ich  
o ffe r prom ise.
1. N earshore  h a rb o r sh e lte re d  by  b reakw aters
A lth o u g h  the  A laskan  A rctic  shelf is rela tively  
bo rad  and  shallow , th e re  are a few areas w here  
w ater d e p th s  o f 80  fee t o r  m ore com e w ith in  te n  
m iles o f  land . O ne o f  th ese  is a t Cross Island , th e  
n o rth e rn -m o st o f th e  b a rr ie r  islands near P ru d h o e  
Bay. T he island, a lth o u g h  so m ew h at lim ited  in  size, 
has shallow  w ater su rro u n d in g  i t  w hich  m ight be 
filled to  provide a d e q u a te  area fo r  sto rage tan k s
and  o th e r  facilities. A p p ro x im a te ly  10 m iles n o r th ­
east o f th e  island th e re  is su ffic ien t w a te r d e p th  to  
accom m odate  d eep  d raft tan k ers . A sh o rt channel 
cou ld  be dredged  and a b reak w ate r p rov ided  to  
p ro te c t tan k ers  fro m  pressure ridges o r o th e r  large 
ice masses w hich  m ight m ove in to  th e  area. A  12 
m ile long pipeline w ould be  req u ired  to  tra n sp o rt 
c rude  oil across th e  lagoon fro m  P ru d h o e  to  the  
storage area on  th e  island.
A n o th e r loca tion , a t B row nlow  P o in t, ap­
p ro x im ate ly  s ix ty  miles east o f  P ru d h o e  Bay has 
close access to  d eep  w ater. W ater d e p th s  in excess 
o f  80 fee t are fo u n d  at d istances  less th a n  6 miles 
o ffshore  and th e re  is ad e q u a te  o n sh o re  areas for 
loca tion  o f s to rage tan k s  and  o th e r  term inal 
facilities. H ow ever, the  area is considerab ly  re­
m oved fro m  p resen t oil p ro d u c tio n  and  w ould  
requ ire  a long p ipeline to  te rm in a l facilities. If 
la te r  ex p lo ra tio n  proves u p  a d d itio n a l p ro d u c tio n  
east o f P rudhoe , th is  area m ight be m o re  feasible 
from  an econom ic  s tan d p o in t.
A th ird  possib le lo ca tio n  fo r  c o n s tru c tio n  o f  a 
h a rb o r fo r  p e tro leu m  te rm in a l facilities is at 
H erschel Island along  th e  Y u k o n  co astlin e  ap­
p ro x im ate ly  45 m iles east o f  th e  U.S. - C anada 
bo rder. H erschel Island is favorab ly  lo ca ted  w ith  
respect to  deep  w ater, near the  edge o f  the  
M ackenzie subm arine  can y o n , and has a n a tu ra l 
sheltered  deep  w a te r basin  im m ed ia te ly  to  the 
so u th  (R a n fto m e l M cCollom , 1970). A lthough  
dredging o f ap p ro x im ate ly  20 -50  m illion  cubic 
yards o f  silt and clay  w ould  be req u ired  to  co n n ec t 
th e  basin w ith  th e  subm arine can y o n , the  h a rb o r 
w ould  provide excellen t sh e lte r from  th e  pack  ice.
T here are several o th e r  areas eastw ard  along 
th e  C anadian A rc tic  coastline  in c lud ing  F rank lin  
Bay and D arnley Bay w h ich  m ay  be econom ically  
feasible as p o te n tia l m arine term ina ls  fo r  C anadian 
crude  p ro d u c tio n ; how ever, these  are n o t as 
su itab le  fo r  A laskan  p e tro leu m  reserves.
2. A rtific ial Islands
A rtificial islands have been  considered  o n  the  
N o rth  S lope p rim arily  fo r  use as drilling  p latfo rm s 
b u t  also as a possib le a lte rn a tiv e  fo r an  o ffshore  
m arine term inal. T he w ater d e p th  req u irem en ts  for 
deep  d ra ft tan k e rs  w ould  requ ire  considerable  
m ateria l fo r co n s tru c tio n  o f  th e  island b u t bo rro w  
m ateria l d redged  from  a ch an n el lead ing  to  the  
island cou ld  p rov ide  a p o r tio n  o f  the  req u ired  fill. 
In te rlock ing  p recast a rm o r u n its  m igh t provide 
ad d itio n a l s tre n g th  against th e  pack ice. As sug­
gested b y  G erw ick  and L loyd  (1 9 7 0 ), “ p recast 
p restressed co n c re te  e m b a n k m en t u n its  cou ld  be 
placed as slope p ro te c tio n . T h e y  w ou ld  p resum ­
ab ly  be u n loaded  from  a barge, f loa ted  in to  
position , th en  su n k  and filled w ith  gravel to  act 
like a rock-filled  crib. A trap ezo id a l cross-section
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appears m ost su itab le , as it p erm its  ice to  in itia lly  
ride u p  and fail in te n s io n .”
T he  a rtific ia l island m ight be c o n s tru c te d  in  
several w ays: (1) a solid  mass w ith  loading  
facilities on  th e  lee side o f  th e  island depen d in g  o n  
ice m o v em en t o r (2 ) c rescen t-sh ap ed  islands-one 
facing east, th e  o th e r  w est-p rov id ing  a p ro te c te d  
h a rb o r in -be tw een  (F ig u re  4).
3. U n d e rw a te r te rm ina ls
If  subm arine  tan k e rs  are to  be used  fo r 
pe tro leum  tra n s p o r ta tio n , th e  m ost obv ious te rm i­
nal w ou ld  b e  a fac ility  lo ca ted  on  th e  ocean  b o t­
tom  in  deep  w ater. T h is rem oves m any  o f  th e  
engineering design p ro b lem s assoc ia ted  w ith  pack  
ice. T he  te rm in a l m igh t be  c o n s tru c te d  to  perm it a 
subm arine ta n k e r  to  lo ca te  over th e  lo ad in g  fac ility  
and b y  m eans o f rem o te  c o n tro l tra n s fe r  c rude  
from  u n d e rw a te r  sto rage  to  th e  su b m arin e  tan k er.
T he  m ajo r p ro b lem s w ith  th is  sy stem  are th e  
sam e as th o se  w h ich  w o u ld  o c c u r  d u rin g  co n ­
s tru c tio n  o f  an y  fac ility  o u t  b e y o n d  th e  sho re-fast 
ice, nam ely  in te rfe re n c e  by  th e  pack  ice.
4. O ffsh o re  p la tfo rm
P erhaps th e  m o st tech n ica lly  and eco ­
nom ically  feasib le  c o n c ep t fo r an  o ffsh o re  m arine  
te rm in a l o ffe red  th u s  far is a con ica l shaped  
p la tfo rm  designed  by  S an ta  F e -P o m ero ry  (G erw ick  
and L loyd 1 9 70 ) o r  a s im ilar s tru c tu re  designed  b y  
T herm o-D ynam ics, Inc. T he p la tfo rm  consists o f  
tw o  cones, one  in v erted  on  th e  o th e r . As th e  pack  
ice im pinges o n  th e  co n e  shaped  s tru c tu re , th e  
slope “ converts  a p u re ly  h o r iz o n ta l  shear to  a 
p a rtia lly  v e rtica l th ru s t ,  w ith  th e  s o f te r  u nders ide  
o f  th e  ice m ee tin g  th e  steel shell f irs t so th a t  th e  
ice helps b rea k  its e lf  u p  as it flow s p a s t”  (a n o n y ­
m ous, 1970).
The base o f  th e  co n e  sh o u ld  b e  o f  a d e q u a te  
size to  p rov ide  a b ea rin g  area su ff ic ie n t fo r su p p o rt 
on  th e  so fte s t so il a n tic ip a ted . T he  p la tfo rm  cou ld  
be stab ilized  e ith e r  b y  m eans o f  gravel fill, 
d rilled-in  an d  g ro u te d  a n c h o r p iling , o r  ice-filled 
c o m p artm en ts . T h e  p o r tio n  o f  th e  cone above 
w a te r w ou ld  be  su rm o u n te d  by  a re tu rn  ice 
d e fle c to r to  p rev en t o v e r-to p p in g  b y  ice p ile-up . 
Inside th e  co n e  w o u ld  b e  living q u a rte rs , m ach ine-



















Figure 4. D eep  w a te r p o r t  using  a rtific ia l islands.
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ry  spaces, w a te r and o il sto rage  tan k s , p rov isions 
fo r  risers, subm arine p ipeline c o n n e c tio n s  and  
d iver access tu b es  (F ig u re  5).
CONCLUSION
T he A rctic  O cean p resen ts  pe rh ap s th e  m ost 
fo rm id ab le  challenge th a t  th e  oil in d u stry  has ever 
u n d e rta k en . T he  h is to ric  voyage o f  th e  M an h a ttan  
m arks th e  open ing  o f a  new e ra  o f  o p p o r tu n ity  fo r 
deve lopm en t o f  the vast resou rces in  th e  A rctic . 
P ipelines u n d o u b te d ly  will b e  b u ilt to  tra n sp o rt 
b o th  c rude  oil and n a tu ra l gas to  th e  lucra tive
m arke ts  o f  C anada an d  th e  U n ited  S ta tes. H ow ­
ever, th e  use o f  m arine  tan k e rs  is inev itab le  in  th e  
overall deve lopm en t o f  th e  A rc tic ’s resources. I t  is 
possib le th a t  in a d d itio n  to  tra n sp o rtin g  oil 
th ro u g h  th e  N o rth w est Passage, surface o r su b ­
m arine tankers  m ay even tua lly  traverse  th e  po lar 
ro u te  to  p o ten tia l m ark e ts  in  E u rope .
T h e  engineering  and  en v iro n m en ta l p ro b lem s 
involved in th e  c o n s tru c tio n  and  design o f  m arine  
tan k ers  and term ina ls  are fo rm idab le , b u t  th e  
in genu ity  and  resou rcefu lness  p rov ided  b y  in­
d u s try , governm ent and  th e  academ ic c o m m u n ity  
will even tua lly  tr iu m p h  as th e y  have in co n q u e rin g  
every new  fro n tie r  in  th e  past.
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